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Foreword

This report presents the results of the fan aerodynamic and mechanical

design performed by the General Electric Company for the National Aeronautics

and Space Administration, Lewis Research Center, under Contract NAS3-20643.

This work was performed as part of the Aircraft Energy Efficiency (ACEE) Pro-

gram, Energy Efficient Engine (E3) Project. Mr. Carl C. Ciepiuch is the NASA

Project Manager ;_nd Mr. Lawrence E. Macioce is the NASA Assist_'_t Proiecc

Manager. Mr. Roy D. Hager is the NASA Project Engineer responsible for man-

aging the effort associated with the fan component design presented in this

report. Mr. T.L. Hampton is the Manager of the Energy Efficient Engine Pro-

ject for the General Electric Company. This report was prepared by Messrs.

T.J. Sullivan, G.W. Luebering, and R.D. Gravitt of the General Electric Com-

pany, Evendale, Ohio.
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INTRODUCTION AND SUMMARY

The detailed aerodynamic and mechanical design of the fan and quarter-

stage configuration for the Energy Efficient Engine (E3) is described herein.

The fan design was initiated following an extensive preliminary design study

of alternate fan configurations. The selected fan configuration (Figure i)

uses a quarter-stage booster to provide the required core supercharging.

This design was chosen over a single-stage rotor with a bigher tip speed and

a more highly loaded hub due to its higher core-stream efficiency potential

and an easier growth path for future engine development. The fan bypass

stream also has a higher efficiency potential by reason of the lower fan

speed. Additionally, the quarter-stage island arrangement provides an ex-

cellent means for separating foreign objects from the core flow. The flowpath

was made to be nearly optimum for the flight propulsion cycle, with some pro-

visions to accommodate a potential growth application. The aerodynamic design

point corresponds to the maximum climb power setting at Mach 0.80 and 35,000-

feet altitude.

The fan has an inlet radius ratio of 0.342 and a specific flow rate of

208.9 kg/s-m 2 (42.8 ibm/sec-ft2). The fan rotor has 32 medium aspect-ratio

(AR) titanium blades with a part-span shroud at 55% blade height. The design

corrected fan tip speed is 411..5 m/s (1350 ft/sec). The quarter-stage island

splits the total fan flow so that approximately 22% of the total flow is

supercharged by the quarter-stage rotor. Downstream of the booster rotor,

the flow is further split with 42% of the booster flow reentering the bypass

duct and the remaining flow directed through the core duct into the 10-stage

compressor. The total bypass ratio is 6.8. The core flow total-pressure

ratio is 1.67 and the fan bypass total-pressure ratio is 1.65.

The rotor structure features an aluminum nonstructural spinner with the

latest ice-resistant configuration, a titanium high-bore ring disk for

couPled blade-disk mode stiffness _nd internal fan-structure accessibility,

a one-piece titanium quarter-stage spool, and a steel fan shaft arrangement

that allows for disassembly of either the shaft, the entire fan rotor, or the

fan module (rotor and stator) from the high pressure compressor forward face.

The containment ring for the ICLS fan is a slave design consisting of a

modified CF6 steel outercasing with bol_ed-in wooden flowpath panels. A

steel slave integral vane-frame supports the casing and ultimately the rotor,

_hrough an attached bearing support cone and bearing.

The axial spacing between the fan rotor trailing edge and the bypass

outlet guide vanes (which also serve as the fan frame structural members) is

opproximately 1.8 rotor-tip chords, ma#e large in order to minimize fan noise

generation. The bypass vane-frame airofils are grouped into f_ve different

camber types positioned circumferentially to minimize the distortion of the

flow field, recognizing the presence of th_ pylon at the top of the engine.
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The airfoils and rotor structure have been designed for a service life

of 36,000 missions with two stress cycles per mission. The fan structure is

designed to be capable of sustaining stall events with no mechanical damage,

and there are no coupled-mode resonances predicted in the operating-speed

range between the rotor and fan case. All material-properties data in the

fan design are based on average minus three standard deviations properties,

including section size considerations.

AERODYNAMIC DESIGN

I. FLOWPATH AND VECTOR DIAGRAM OESIGN

A. Aerodynamic Design Requirements and Growth Considerations

The principal aerodynamic characteristics of the fan at three key oper-

ating points are shown in Table I. The aerodynamic design point coincides

with the maximum climb condition of the Flight Propulsion System (FPS) cycle.

The selected flowpath is shown in Figure 2 with the pertinent aerodynamic de-

sign parameters indicated. The fan tip diameter at the rotor inlet is 2.108

meters (83 inches) and the inlet hub-to-tip radius ratio is 0.342. The fan

operates at a design tip speed of 411.5 m/s (1350 ft/sec) with a specific

flow rate of 208.9 kg/s-m 2 (42.8 ibm/sec-ft 2) of rotor inlet annulus area.

A quarter stage, or booster, is added to increase the fan hub pressure ratio

and help separate foreign objects from the core flow. The fan rotor has

32 medium-aspect-ratio blades with a part-span shroud at 55% blade height

based on tne stacking axis. The spinner cone half angle is 32 °, and the

slightly contoured fan hub approximately follows that angle.

The total fan flow is split by the quarter-stage island with 22.3% of

the flow passing under the island and supercharged by the quarter-stage rotor.

Before entering the core duct, the flow is further split with approximately

42% of the quarter-stage flow reentering the bypass stream. The flow that

enters the core duct has a total-pressure ratio of 1.67. After 1.8% duct

pressure loss is sustained, the flow enters the core compressor with a cor-

rected airflow of 54.4 kg/s (120 ibm/sec). The airflow that passes over

the upper surface of the island rejoins the flow that is spilled from the

quarter stage to give an average total-pressure ratio of 1.65 at the bypass

vane-frame exit plane. The total bypass ratio is 6.8 at the aerodynamic

design point.

Since it is mlanned to ultimately provide for 20% growth of the E 3• en-

gine by increasing fan speed and quarter-stage aerodynamic loading, the

growth fan aerodynamics were considered in a preliminary manner. Table II

gives the growth fan requirements as they are currently foreseen. The core

stream pressure ratio of 2.05 is substantially higher than the bypass-stream

pressure ratio. The design of the fan for the FPS engine has taken into

account some design considerations that will allow easy adaptation of the

fan to the growth configuration. In the FPS design, the hub radii through

the quarter stage are slightly oversized to allow for growth. This intro-

duces a slight weight penalty but without any performance penalty. Hence,
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this is thought to be a desirable compromise. It is intended that the bypass

vane-frame and inner OGV and core duct hardware will remain the same for both

engines. In the growth version, the quarter-stage island moves radially out-

ward approximately 1.0 cm (0.4 in.) at the leading edge to accormnodate the

larger core flow and mates with the FPS vane-frame at the island trailing

edge. The FPS engine casing and hub flowpaths remain the same for the growth

engine. The total bypass ratio is reduced to 5.5 for the growth fan. The

fan rotor and booster stator and rotor will necessarily be new airfoil designs.

The total pressure ratio profile for the FPS fan is shown in Figure 3.

The rotor exit profile as well as the stage exit profiles are shown. The

booster rotor turns the tip-strong pressure coming out of the fan hub to the

radially constant pressure ratio value of 1.683. In the growth fan, Figure

4, the booster rotor is running approximately 11% faster and produces a sub-

stantially higher pressure rise in the region of the flow which enters the

core. The hub pressure is made significantly greater than the tip pressure

in order to supercharge the core with a 2.05 pressure ratio. The tip pres-

sure is kept low in order to minimize the discontinuity of total pressure

coming off the island trailing edge. Experience with similar designs has

indicated that the resulting ring vortex sheet does not create downstream

instabilities or unexpected losses. The circulation gradient implied by

the skewed total pressure profile at the rotor exit will set up substantial

secondary flows. These have been estimated, and the mixing that they repre-

sent h:.s also been estimated. It was concluded that the rotor blade could be

satisfactorily designed for the growth conditions, taking account of the

secondary flows, and producing the total-pressure profile shown in Figure 4.

B. Design Point Calculation Procedure and Results

Circumferential-average flow calculations were made at the FPS engine

fan aerodynamic design point, which coincides with the maximum climb cycle

condition, using The General Electric Circumferential-Average Flow Determi-

nation (CAFD) computer program. The calculation procedure of this program

is described in Reference i. Briefly, the flow solution is a radial equi-

librium solution including the effects of streamline curvature together with

axial gradients of blockage, enthalpy, and entropy. The velocity vector

diagrams for the fan and quarter stage were calculated at numerous stream-

lines from tip to hub throughout the entire flowpath. Calculation stations

were used at the leading and trailing edges of each blade row and in the up-

stream and downstream duct areas to ensure an accurate representation of the

flow In addition to the leading and trailing edge stations, seven calcu-

lation stations were located within the fan rotor blade and three within

each of the other blade rows. Boundary layer displacement thicknesses on

the flowpath walls based on General Electric experience were used. At the

internal blade calculation stations, the blockage due to the thickness of

the blades or vanes was also included. Flowpath contours, loss coefficients,

chordwise work distributions, and spanwise _otal-pressure distributions were

specified; and aerodynamic loadings, velocity diagrams, and fluid properties

were calculated for the fan and quarter-stage blade rows.

?
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Figures 5 through 9 show the aerodynamic design ooint parameters. Figure

5 is concerned with the fan rotor and displays the blade inlet and exit rela-

tive Mach numbers and flow angles and the blade row total-loss coefficients

and diffusion factors. The loss coefficients employed were based on General

Electric correlations and experience. The FPS booster rotor loss coefficients

are shown in Figure 6 along with the calculated diffusion factors. The booster

rotor inlet and exit Mach numbers and flow angles are also shown in Figure 6.

These figures show that booster rotor aerodynamic loading is light for the

FPS engine, allowing (with an 11% blade speed increase) the booster pressure

ratio to be increased substantially for the growth engine.

The booster stator aerodynamic design parameters for the FPS configura-

tion are shown in Figure 7. The inlet and exit Mach numbers and flow angles

are shown along with the loss coefficients and diffusion factors. The swirl

angle exiting the st_tor varies from 12 ° at the tip to 8= at hub; this was

specified to give a good loading balance between this vane row and the inner

OGV. Similar design point parameters for the inner OGV and bypass OGV are

presented in Figures 8 and 9.

A.

The calculated vector diagram quantities are also tabulated in appendix

II. AIRFOIL DESIGN

A. Fan Rotor Blade

3
The aerodynamic design of the E fan rotor at the maximum climb cycle

condition included the definition of airfoil sections which are transonic in

the outer region and _ubsonic near the hub. The fan rotor blade airfoil

shapes were specifically tailored for each streamline section using General

Electric's Streamsurface Blade Section computer program. In general, the

airfoils were shaped in an attempt to minimize shock losses since the inlet

Mach numbers are supersonic for all streamlines above the quarter-stage island.

Below the island streamline loca=ion, the Mach numbers range from 1.02 at

78% flow value to 0.70 at the hub streamline. The airfoils on the hub stream-

line were patterned after other advanced fan hub airfoil shapes that have

sho _ excellent performance. The designs of the rotor blade sections were

performed along 12 axisymmetric streamsurfaces with the surfaces viewed along

a radial blade axis using the Streamsurface Blade Section program. The con-

siderations which guide and influence the design of high transonic Mach number

cascades such as the E3 fan rotor are presented and discussed in References i,

2, and 3.

The fan rotor incidence angles at the aerodynamic design point are ap-

proximately 5° all along the span. For sections which have supersonic inlet

Mach numbers, the blade inlet _egion sets the amount of flow the cascade can

pass, provided the throat area is not limiting. The blade suction surface

upstream of the Mach wave which intersects the leading edge of the adjacent
blade was offset a small amount from the "free-flow" streamline to account

for the effects of leading edge thickness, bow wave losses, and boundary

layer buildup. The free-flow streamline is the direction of the flow if

9
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there were no disturbances or blade forces but witb the flow confined to stay
in the axisymmetric laminae generated bv the CAFDfull solution. Figure I0
shows the location of the free-flow streamline for the tip streamline airfoil
_ection. Figure ii shows the streamline at the location of the part-span
shroud and Figure 12 shows the rotor hub streamline airfoil section. Other
information on Figures i0 through 12 will be discussed later. The difference
between the average free-flow streamline angle and the average suction surface
blade angle defines an average suction surface incidence angle; these values
are approximately 0.5 ° at the tip and 2° to 3= in the hub region. These values
were selected based on General Electric experience with similar designs. After
establishing the suction surface of the airfoil for the outer portion of the
blade in this manner, relativeJy little freedom remained for selecting the
incidence angle, although there was somelatitude in the selection of the
meanline angle distribution from the leading edge to the first captured wave.

In the extreme hub region (10% flow) where the inlet Machnumbers are
less than 0.90, the leading and trailing edge blade angles plus the meanline
angle distribution were selected with the aid of General Electric's Cascade
Analysis by Streamline Curvature (CASC)computer program. This program is
capable of calculating surface velocity distributions for subsonic inlet flow
sections, although low-supersonic flow regions are allowed. To analyze the
supersonic airfoil sections in the outer part of the fan blade, the program
was still used, recognizing the fact that the solution was incorrect for the
inlet supersonic portion of the airfoil. For these tip sections, however,
the exit flow was well subsonic and the cascade analysis program was used to
predict the exit flow angles. The exit flow angles predicted by the CASC
program for all sections were related to the design exit air angles from the
axisymmetric flow solution through an empirical adjustment factor. The radial
distributions of this empirical factor were derived from data analyses of high
speed fans for which the rotor geometry was somewhatsimilar to that of the
E3 fan, and also from calculations of secondary flow effects expected for
this fan rotor.

Figures 13 and 14 show the airfoil shape and the calculation-grid network
and the resultant surface Machnumber distribution for the hub streamline.
Meanline angle distributions were adjusted to give velocity distributions of
this type, believed from experience to produce low losses. The hub streamline
has an inlet relative Machnumber of 0.70 and an exit Machnumber of 0.75.
Except for an initial diffusion that is small enough to avoid boundary layer
distress, the suction surface Machnumber is nearly constant.

To avoid a choking condition, the passage throat areas for most fan
blade sections were set such that the effective =hroat-to-capture area ratio
exceeded the critical area ratio by approximately 5%after accounting for the
loss due to one normal shock at the leading edge Machnumber. Near the ex-
treme ends of the blade, the throat margins were allowed to be slightly larger
than this, resulting in 7.5% at the ODand 8.8% at the ID. In order to ensure
operation with an oblique leading edge shock which was desired at the maximum
climb design point, the ratio of the contraction from the cascade mouth to the
throat must not exceed the critical contraction ratio after sustaining one
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normal shock loss at the mouth Mach numbe_. The amount by which the passage

throan area exceeds this limiting contraction ratio is referred to as starting

margin. Fhe amount of passage area contraction from the mouth to the throat

for all rotor streamline is approximately 2% to 2.5%. The passage throat,

mouth, and exit areas are indicated on Figures I0, ii, and 12 for streamline

sections at the tip, shroud, and hub locations.

The airfoil shape for each streamline section is dependent upon the

chordwise thickness distribution and meanline blade angles. For the fan rotor,

the level and radial distribution of the maximum thickness-to-chord ratio is

primarily dependent upon mechanical and aeromechanical considerations. The

chord, solidity, and tm/c distributions in manufacturing planes are shown in

Figures 15 and 16. The location of maximum thickness along the blade chord

was specified at 59% chord at the tip streamline. Above the island, this lo-

cation stays aft of 55% chord and then moves forward somewhat at lower radii

toward the hub streamline where the maximum thickness occurs at 42% chord. In

the part-span shroud region, the maximum thickness of the airfoil is at 58%

chord. The part-span shroud, as previously mentioned, is positioned at 55%

blade height. The axial position of a point on the shroud stacking axis is

at 65% axial blade chord. The shroud leading edge is at 48% and trailing

edge is at approximately 82% axial blade chord. It has a nearly elliptical

thickness distribution with a maximum thickness of 0.89 centimeter (0.35 inch).

The blade chordwise thickness varies from leading edge to =he point of

maximum thickness according to a quarter-sine wave curve and then reverses

the distribution from the maximum thickness point to the trailing edge. This

distribution holds for all streamlines down to the region just below the

island. Here the airfoils are slightly thicker in the leading edge region

than the quarter-sine distribution would imply.

The geometric properties of the manufacturing plane blade sections are

tabulated in Appendix B.

B. Stator i

The design of the Stage i stator vanes was performed similar to the

design of the fan rotor. That is, the vector diagrams were calculated along

several streamlines at the leading and trailing edge stations as well as at

a number of intrablade stations. Airfoil sections were defined for each

streamline by specifying the thickness and meanline angle distributions.

Each streamline cascade was then analyzed with the cascade analysis computer

program.

The S_ator I vanes have a chordwise thickness distribution that varies

from tip to hub. At the OD where the inlet Mach number is 0.73, a 65-Series

thickness distribution was selected. At the ID where the inlet Mach number

is 0.85, the thickness distribution is thinner in the leading edge region as

it follows the first-quarter cycle of a sine wave to the maximum thickness

location at 38% chord and then follows a 65-Series distribution to the trail-

ing edge. A linear blend of these thickness distributions from the OD to the

ID is used to define the intermediate airfoil sections. Slightly modified
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circular-arc meanline angle distributions are employed for all streamLin__

sections. The vanes have a constant chord of 8.10 cm (3.19 in.) and a nlaximu_

thickness-to-chord ratio that varies from 0.062 at the OD to 0.04_ at li_e [D.

Tb_ cas:ade analysis computer program was used as a guide in shapin_ the

airfoil mearlines. Each streamline was analyzed to obtain a desirable inci-

dence angle snd surface velocity distribution. The cascade grid and resultant

surface Mach number distributions for streamline sections at the tip and near

the hub are shown in Figures 17 through 20. The deviation angles resuited

from using the cascade analysis to predict the exit flow angles. These angles

were then related to the design exit air angles of the CAFD solution througb

an empirical factor.

The incidence anBles were specified slightly less than i° for _iI stream-

lines except the hub. At the hub streamline, a 3° high inflow angle was in-

_entionally specified to account for the higher swirl anticipated from the

rotor hub due to secondary flow effects.

With the passage throat area occurring at the mouth of the cascade, there

is approximately 6% to 8% throat margin above the critical area ratio.

The streamline airfoil sections were stacked at 50% chord and plane sec-

tion cuts were made to define manufacturing sections. The geometric properties

of these sections are tabulated in Appendix C.

Ci Quarter-Stage Rotor

The quarter-stage rotor airfoils were specified similar to the other

blade rows usiug the stramiine section and cascade analysi_ computer programs.

Initially, the reck:or diagrams are defined for several streamlines at axial

stations including the leading edge, trailing edge, and intrablade region.

The rotor airfoil sections have a chordwise thickness distribution for

all streamlines which is a quarter-sine wave from the leading edge to maximum

thickness and then a 65-Series thickness distribution to the trailing edge.

The meanline angle distribution for all streamlines is a modified circular

arc. The maximum thickness-to-chord ratio varies from 0.049 at the tip to

0.081 at the hub. There are 56 blades with an aspect ratio of 2.09. The

blade chord is linear from 6.35 cm (2.50 in.) at the tip to 7.11 cm (2.80 in.)

at the hub. The solidity is fairly low since the design point aerodynamic

loading is quite moderate. The passage throat areas for all streamlines were

set with approximately 5% to 6% throat margin.

Cascade flow analyses were made for all streamline sections and the tip

and hub results are presented in Figures 21 through 24. Figures 21 and 22

show the cascade calculation grid and surface Mach number distributions for

the tip streamline, respectively. Only a slight amount of turning is required

at the tip and hence the low value of solidity. The Mach number distribution

shows the suction surface value skirting just above Mach 1.0 near maximum

thickness before diffusing to the trailing edge Mach 0.73. The pressure

23
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surface Mach number remains nearly constant along the chord. In the hub re_ion,

where the blade must raise the low fan hub total-pressure to a 1.68 pressure

ratio, a solidity of 1.2 and 32 ° of camber are required. Figures 23 and 2&

show the hub streamline cascade and Mach number distributions. Again, the

peak suction surface Mach number is slightly larger than 1.0 but here the

diffusion is delayed until the last 40% of the chord.

The deviation angles were again calculated using the CASC predicted exit

flow angles. The empirical adjustment included a compensation for the secondary

flow that results from the nonuniform loading of this blade row and its incoming

free-stream absolute vorticity.

The rotor blade streamline sections were stacked so that the plane section

centers of gravity were aligned along the radial stacking axis. Plane section

cuts defined the blade for the purpose of manufacturing. The blade geometry

for these plane sections is tabulated in Appendix D.

D. Inner OGV

The inner outlet guide vane (OGV) blade row shown in Figure 25 was de-

signed to remove the swirl received from the booster rotor and direct the flow

into the core duct. To de this efficiently, the 64 vanes were swept aft and

leaned with the pressure side facing the fan axis of rotation. The aerodynamic

design of this blade row was performed using the procedure described in Ref-

erence 4. This procedure consists of cutting the airfoil along streamlines

and viewing the sections along the blade axis. The blade axis is a curved line

in space, swept aft by 60 ° from a radial line and leaned circumferentially in

an amount that varies from 0 ° (no lean) at the OD to 20 ° at the ID. The

stacking axis for viewing the cascade projection and for defining manufacturing

sections is a straight line between the intersection of the blade axis with the

OD flowpath and the intersection of the blade axis with the ID flowpath. The

flow and airfoil meanline angles that are observed in this projection are re-

ferred to as cascade angles.

28

The sweep angle (60 °) of the stacking axis was selected to be compatible

with the shape of the flowpath in the region entering the core duct. The de-

gree of lean was chosen primarily to control and minimize the level of Mach

number in the hub region as the flew enters the core duct. At the entrance

to the stator, the downward radial force on the flow imposed by the 20 ° of

lean increases the static pressure, and thereby reduces the inlet Mach number.

This eventually leads to a lower hub diffusion rate. The lean angle drops

off sharply to 0 ° at the OD in order to avoid an undesirable acute angle be-

tween the vane suction surface and the outer flowpath. Even though there is

no lean at the tip, the radial gradient of lean tends to increase the Mach

numbers slightly at the tip streamline. The reduced Mach numbers and aero-

dynamic loadings in the hub, where the flow is the most sensitive because of

the flowpath shape, makes the total lean effect favorable.

The airfoil shapes were defined using the quarter-sine wave/65-Series

thickness distribution described earlier. The 64 vanes have a chord varying
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from 5.44 cm (2.14 in.) at the OD to 9.25 cm (3.64 in.) at the ID. The _a:<i-

mum thickness-to-chord ratio is 0.066 locally at the OD, decreasing to a 0.05_

value which is then held constant over the inner 50% of the span.

Cascade flow analyses were made with the sections viewed looking down

the leaned and swept axis. Figures 26 through 29 present the cascade projec_

tion and surface Mach number distribution for the tip and hub streamlines.

The inlet and exit Mach numbers used for calculation purposes and shown on

these plots are the perpendicular components of the full Mach numbers that

exist in planes perpendicular to the swept and leaned airfoil stacking axis.

The surface Mach number plots indicate that most of the turning is accom-

plished in the front portion of the cascade. The peak Mach number of both

streamline sections shown, occurs on the suction surface at approximately

30% of the chord. Uniform diffusion is carried out in the remaining cascade

passage.

End-effect adjustments to the camberline shape were calculated using

the method of Reference 4, but were attenuated somewhat in application.

The maximum adjustment at the tip streamline amounted to a camberline angle

increase of 7.8 °, occurring at 50% chord. At the hub, the adjustment was a

camberline angle decrease of 4.7 °, occurring at 40% chord.

Airfoil section coordinates were defined on planes perpendicular to the

swept and leaned stacking axis. A summary of the geometry for this vane is

tabulated in Appendix E.

E. Bypass OGV Vane-Frame

The aerodynamic design of the bypass vane-frame was complicated by the

presence of a pylon having a maximum thickness of 40.6 cm (16 in.) and located

at the top of the engine (0°) just downstream of the vane trailing edges. In

addition, the overall engine system design required the bottom (180 °) vane or

strut to be substantially thicker than the rest of the vanes to provide space

for a radial drive shaft and accessory pipes. The presence of these bodies

relative to the rotor and OGV planes, as shown schematically in Figure 30,

sets up a nonaxisymmetric flow field which required circumferentially nonuni-

form airfoil geometry to be defined using a special computer program analysis.

Initially, the circumferential-average flow solution was carried out as

usual. This flow solution recognizes the vane and pylon blockages and the

island trailing edge static pressure match. Next, a two-dimensional stream

surface analysis was employed to establish the magnitudes of static pressure

and flow angle variations. This two-dimensional analysis was performed at

the pitch streamline and the resulting circumferential distributions of pres-

sure and flow angle are shown in Figures 31 and 32. The calculations show a

significant circumferential variation at th_ OGV inlet and exit planes but

essentially no distortion at the fan rotor exit plane. A coarse three-dimen-

sional, finite-element analysis was then employed to establish the radial

trend of the vane exit flow angles. This analysis was conducted using the

five streamline sections: tip (T), near-tip (P-T), pitchline (P), island (I),

30
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and hub (H). The three-dimensional program calculated the OGV exit flow

angles which would be required to circumferentially shift the flow around t!_e

pylon and bottom strut bodies. The maximum circumferential variation of _hese

angles was on either side of the pylon location where the calculated flow

angles varied from +7 ° to -7 °. At the horizontal locations, 90 ° and 270 °

clockwise aft looking forward, the calculated flow angles are approximately

+3 ° and -3 °, respectively. At the bottom of the engine (180°), the calculated

flow angle is near zero. The vanes were then grouped into five sets, each of

a different camber. With the inlet spacing between vanes held constant, the

resulting vane geometry for sections near the tip (T) and near the island (I)

at the top of the engine is shown in Figures 33 and 34. The position of the

pylon relative to the vanes is also shown. In the bottom segmen_ of the engine,

the vanes adjacent to the thick strut and fairing are the nominal type vanes

with the chords cut back to minimize the blockage in the passages. This con-

figuration is shown schematically in Figure 35.

Cascade flow analyses were made of airfoil sections with nominal vane

passage area distributions and also the airofil types on either side of the

upper pylon where the maximum and :minimum cambers occur. The results of the

surface Mach number calculations for the nominal vane passages are shown for

streamlines at the tip (T) and the island upper (I) and lower (H-I) surfaces

in Figures 36 through 38. A 3° high inflow angle was intentionally specified

at the tip streamline to account for the higher swirl in the boundary layer

flow adjacent to the casing. The Mach number distribution for this streamline

is shown in Figure 36. The Mach number distributions at the (I) and (H-I)

sections show opposite trends; this is a consequence of the need to match

static pressures at the island trailing edge with the different total pres-

sures of the two streams. The circumferential-average solutions that dominate

this effect are also shown.

The airfoil geometry for the five groups of vanes is tabulated in

Appendix F.

MECHANICAL DESIGN

III. F._N ROTOR DESIGN

Figure 39 shows a cross section of the fan design to be used in the

integrated core/low speed (ICLS) test. The rotor features a 32-Eiade fan stage

shrouded at 55% span, and a 56-blade booster stage for core s_percharging.

The reduced aspect ratio improves the fan blade's ruggedness and the lowered

shroud position improves aerodynamic efficiency to offset the greater weight

of the fan rotor.

Included in the rotor mechanical features are the drop down dovetail

slot that permits individual blade replacement and an anticlank system that

prevents dovetail wear by limiting blade movement in the slot. Integrated

with the anticlank spring, the blade axial retention system prevents fore or

aft movement; the foal system is designed so there is no restriction on indi-

vidual blade replacement.
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The shafting arrangement connects the fan disk to the fom_a[d fan shaft

and, through the support shaft, to the No. i thrust bearing. The remote con-

nection of the bolted joint to the bearing permits the disk bearing and ioint

to be designed independently and has these advantages.

• The design of the disk, bearing, and joint are more nearly optimized

by not having to be compromised by one another

• Oversizing the bearing or undersizing the flange would be required

if the conventional flange under bearing configuration were used

• The bolted joint can accommodate more and smaller size bolts for a

lighter design and yet have sufficient torque driving capacity

• With the smaller bearing and eccentric design of the disk, the two

can be fitted more closely together to minimize fan overhang.

With the flange of the fan shaft on the forward side of the joint, the

shaft can be removed without disturbing the fan rotor thus allowing access to

the interior of the engine and making possible modular disassembly of the

engine.

The conical shape of the spinner is resistant to ice buildup or damage

from bird impact. The production spinner will be a one-piece structure di-

rectly mounted to the fan disk.

The Stage i stator inner shroud passes over the Stage 2 disk forward

sealing element at buildup and thus permits the shroud to be a 360 o continuous

ring for greater stator stiffness and reduced wear.

The full-scale fan test vehicle (Figure 40) has all of the mechanical

design features of the ICLS fan rotor except the connecting shafting which has

been modified to conform to facility requirements.

A. De.sisn Loads and Limits

The mechanical loads and limits to which the fan rotor is designed are

defined in the technical requirements and are supplemented by GE design

practices. Loads are given in cycle cases covering the aero design point and

maximum rotor speed (Table III). The fan test vehicle and the ICLS engine

hardware are designed to meet FPS conditions in the airfoils and growth case

conditions in the supporting structure. Should it be required to demonstrate

growth conditions, only the airfoils would require modification. Aerodynamic

input to the blading design is shown in Table IV.

Design stresses are limited to minus 3 sigma deviations from average

material properties for elastic conditions. In high cycle fatigue, the

Goodman diagram indicates an allowable vibratory stress for infinite life.

Low cvcle fatigue stress levels are based on 36,000 aircraft missions with

two stress cycles per mission for a total of 72,000 stress cycles. The disks

must show a residual life of 6000 cycles with a 0.01 x O.03-inch defect.
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Table III. Fan Design - Cycle Performance Parameters.

Flowr,,ath and Clearance Calculation

• Cycle Case No. 41

Altitude

Mo

A To

Rating

FPS Growth

Fan Physical Speed

Maximum Stress Calculation

• Cycle Case No. 72

Altitude

Mo

T o

Rating

Fan Physical Speed

(at I..2% Overspeed)

10,668 m (35,000 ft)

0.80

+i0 ° C (+18 ° F)

Max Climb

3539 rpm

5791 m (19,000 ft)

0.30

+15 ° C (+27 ° F)

Takeoff

3611 rpm

(3653 rpm)

10,668 m (35,000 ft)

0.80

+i0 ° C (+18 ° F)

Max Climb

3939 rpm

5791 m (19,000 ft)

0.30

+15 ° C (+27 ° F)

Takeoff

4079 rpm

(4126 rpm)
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B. Design Goals

Fan rotor improved durability and ruggedness, and reduction of maintenance

were design goals established for the fan rotor. These were to be accomplished

by incorporating in the rotor design the following features for greater mechan-

ical reliability.

• Improved vibratory characteristics

- 15% vibratory margin over 2/rev at maximum rotor speed

- Improved rotor stiffness to maintain frequency margins in the

coupled disk/blade modes

- Blade attachments stronger than airfoils in the lower vibratory

modes.

• Improved mechanical chara_teristics

- Good bird strike capability

- Low dovetail stress for improved life

- Design dovetail posts to withstand blade loss without further

failure

- Anticlank system to prevent dovetail wear

- Improved torque transmitting capability of the disk/shaft bolted

join=.

• Improved _ystem characteristics of the fan rotor

- Reduce rotor overhang to minimize unbalance moment

- Ce_ifigure shafting to allow modular disassembly of the engine.

Materials

Table V lists the materials selected for the fan test and ICLS rotors;

4340 s=eel was selected for the forward fan shaft demonstrator because of the

unavuilability at this time of the primary shaft material (MARAGE 250).

Trsdeoff studies may show greater advantages in a higher strength titanium in

the growth version of the rotor in terms of weight savings and impcoved fatigue

life.

C. Fan Blade Desisn

Figure 41a and 41b illustrate configuration parameters of tl_e fan blade

design. In Figure 41a, the effect of shroud placement can be seen having

its effect on the thickness distribution in the blade. The midspan thickening

was necessary to obtain flexural frequency margin over 2/rev excitation. The

weiBht penalty associated with the thicker blade and lo_,er shroud is counter-

balanced by improved blade efficiency and better resistance to birdstrike.



Table V. Fan Rotor List of Materials.

Fan Blades

Fan Disk

Spinner

Spinner Cover

Anticlank Spring

Blade Retention Key

Booster Spool

Booster Blade

Fan Shaft 5/8-inch Bolts

Forward Fan Shaft

Titanium 6AI-4V

Titanium 6AI-4V

7075 Aluminum

7075 Aluminum

Titanium 6AI-4V

Into 718

Titanium 6AI-4V

Titanium 6AI-4V

Inco 718

4340 Stainless Steel
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Figure 42 shows the contour plots of blade surface effective stress at

steadv state conditions derived from the finite element (TAMP-MASS) analysis.

These values were in reasonably good i_reement with the Twisted Blade (beam)

results. Untwist of the blade (shown i_ Figure 43) was calculated by T_IP-F_SS

and was used to pretwist the blade to obtain correct aerodyn ,,ic incidence at

operating conditions. The stress plot of Figure 44 shows the stress around

the root of the blade at the platform as derived from the Twisted Blade program

using scaled CF6 end effects. The stress levels shown in Figures 42 and 44

allow adequate high cycle fatigue capability and are well under the allowable

low cycle fatigue stress. These stress levels and distribution will be veri-

fied by test as hardware becomes available.

Figure 45 shows the Campbell diagram for the fan blade with the first

three modes plotted. The spread of frequencies at each mode indicates the

frequency range between the lowest disk/blade combined frequency and the

highest or fixed blade out-of-phase frequency. In first flex, the frequency

margin between the lowest in-phase frequency and 2/rev is 14.6% which meets

the design goal of providing adequate frequency margin at maximum speed. In

addition, the first flex crossing of other per rev lines occurs at low enough

speeds to be out of the operating range, or precludes a significant response.

The fan blade is stall protected from torsional instability at all operating

speeds. Using data from a similar blade and previously developed correlations,

the fan blade platform corner frequency was calculated to be well above the

stator passing frequency.

Figure 46 presents a summary of geometry and stress and deflection data

on the fan blade shroud. Bending stresses at the shroud fillet are approxi-

mately 46.9 kN/cm 2 (68 ksi) as obtained by the TAMP-MASS finite element

program. Shroud tip deflections calculated by this program were used to

establish predroop of the shroud so that at speed, the shroud deflections

match and surface-to-surface contact takes place between each pair of mating

shrouds. Shroud cross sections are aerodynamic shapes modified to provide

adequate contact surface so that contact stress will be low enough [1324 N/cm 2

(1920 psi) in this case] to ensure long life for the tungsten carbide hard

facing. Line of action of the blade deflection in the flexural modes was

checked to ensure it would not be along the contact face of the shroud.

Figure 47 shows a cross section of the fan blade and disk at the dove-

tail/post interface, the cross section taken through the blade stacking axis.

Due to the steep flowpath, the shank is very short at the front of the blade

requiring disk relief to clear the blade plr.tform. This view also shows the

depth of the slot that is required to drop the blade, clearing the shroud in-

terlock for individual blade removal. In normal assembly, the space under

the blade is occupied by the anticlank spring which preloads the blade outward

to take play out of the disk/blade interface.

Figure 48 is a summary of the blade dovetail and disk post steady-state

stresses. The i0 ° orientation angle and blade stacking axis offsets were

done to balance dovetail corner stresses. A Goodman diagram (Figure 49)

shows the relative strength between the fan blade airfoil and its dovetail
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Figure 42. Fan Blade Effective Stress Contour Plots.
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• 3653 rpm

Flexural Displacement Vector Relative

to Shroud Angle:

ist Flex = 48.6 °

2nd Flex = 50.0 °

.Contact Stress

= 1324 N/cm 2 (1920 psi)

Shroud Tip Deflection

Left Wing = 0.180 cm (0.071 in.)

Right Wing = 0.150 cm (0.059 in.)

65% Chord-

6.35 cm (2.5 in.)

I

9"6°

55% Span
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Figure 46. Fan Blade Shroud.
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for the primary vibratory modes. If it is assumedthat the airfoil is ,_per-
ating at its maximumvibratory limit (upper curve and points), then the
scaled resulting attachment loads should be below their allowable limits
(lower curves and associated points). Different property level curves in
Figure 49 have to do with property reduction due to forging size.

Figure 50 is an indicator of birdstrike capability as compared to the
advanced CF6-50 fan blade. A measure of resistance to damageis the calcu-
lated shear stress in the blade resulting from a strike. The dashed curve
is _he ratio of E3 calculated shear stress compared to CF6-50 shear stress
taken as a level of i. For comparison, the X points indicate test strikes
that the CF5-50 blade has successfully withstood. Aft positioning of the
blade shroud (_ 65%of chord) is one of the measures employed by the CF6
and E3 to enhance birdstrike capability.

Figure 51 shows an exploded view of the blade retention/anticlank system.
The system is completely interlocking so that all pieces are held by each
other, with the complete assembly finally secured by a bolt. The sequence of
assembly is as follows: the blade is inserted in the slot and held outward
against the dovetail pressure faces; the spring is inserted under the blade
and the retainer pins into their slots; the spring is depressed_and the key
inserted to maintain the spring load, and the whole assembly i_ held in place
by a bolt through the spring and into the key. Radial movementof the re-
tainer is restricted by notches engaging the key; axial movementof the
assembly is prevented by the retainer pins engaging notches in the spring.
The strength of the retention system is based on birdstrike induced inter-
action with the casing of a level derived from past experience. Forward
plane balance weights may be added under the retention bolts.

D. Booster Blade Design

Figure 52a and 52b illustrate the configuration parameters of the final

booster blade design. The tm/c plot in Figure 52a shows the result of

thickening the blade tip to avoid stripe mode coincidence with a starter

passing frequency. The blade is approximately constant chord with relatively

little twist or camber reflecting the low work level designed into this stage.

Airfoil stresses and frequencies were calculated by the TAMP-MASS finite

element program. Steady state stresses are shown on Figure 53 and are seen

to be very low. Scaling of end effects data from a similar CF6 blade and

applying to the Twisted Blade program yielded the airfoil root stresses shown

in Figure 54. Maximum stress is on the convex side of the airfoil root and is

less than 30 ksi. The Campbell diagram in Figure 55 shows the calculated fre-

quencies of the blade and indicates adequate margin between first flex and two

per rev, and between 60/rev (stator passing) and the two stripe blade mode.

Figure 56 gives dovetail geometry and shows the low level of stresses

on the dovetail. A Goodman diagram for the booster blade and dovetail for the

three lowest vibratory modes (Figure 57), shows that the blade attachment is

stronger than the airfoil for a given level of airfoil vibratory stress. The

6O
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• Calculated for 0.68 kg (1.5 ib) Bird at 3600 rpm

X Test Strikes - Advanced CF6-50 - No Fragmentation
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Figure 50. Fan Blade Bird Strike Stress Level.
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blade is stall protected against instability in the torsional mode. Balance
weights inserted in the booster stage dovetail slot constitute the aft rotor
balance plane.

E. Rotor Structure Analysis

The rotor structure was analyzed using the CLASS/MASS thin shell portion

of the rotor in combination with AFINE for the analysis of the thick shell

Stage 1 and 2 disks. The model breakdown is shoT.m in Figure 58. Radial loads

and moments due to the blade stages were input at the disk rims and restraints

imposed by the bearings input on the shafting. Rotor deflections from this

model were used to establish blade lengths for proper clearance and cold com-

ponent dimensioning; under operating conditions then, the correct aerodynamic

flowpath will be established.

Figure 59 shows in detail the AFINE model used to analyze the disk with

the significant stresses and deflections noted around the disk and shaft stub.

The disk, being sized for growth capability, is not highly stressed at FPS

conditions; and at the rim with the dovetail slot stress concentration applied,

cyclic life requirements are easily met. In the curved section of the shaft,

the configuration has been carefully contoured to avoid high bending stresses

by attenuating the disk deflections over several inches of shaft length. To

make most efficient use of the material available, the disk cross section was

made nonswm_etrical. Blade loading, because of the shank configuration, the

aft positioning of the part span shroud, and gas loading produces a forward

moment loading on the disk; the restraint of the forward connection of the

shaft induces a moment load in the same direction. Positioning the center

of gravity of the disk aft of the blade stacking axis produces a countermoment

that can be made to balance disk loadings to essentially neutralize disk rolling.

The eccentric contouring was also made to accommodate the No. i bearing sump wall

to permit closer spacing of the fan centerline to the bearing.

Figure 60 shows the analytical model of the second stage disk and spacer

and the associated stresses and deflections. All are well within the accept-

able limits. In the disk, the bore projection was positioned to counteract

rim moment input bv the blade and the spacer connection to minimize disk ro-

tation; the length of the bore was sized to keep vibratory frequencies of the

disk out of the fan operating range.

the disk/forward fan shaft bolted joint is shown in Figure 61. The joint

utilizes thirty 5/8-inch bolts preloaded sufficiently to transmit fan torque

through flange friction ranher than shear loading the bolts and working the

bolt holes. Using more and smaller bolts allows the flange joint to be lighter

and still transmit the required torque. Tight fitting bolts prevent shifting

of the joint and minimize bending of the bolt.

Table VI is the weight breakdown of the FPS fan rotor.
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Table VI. FPSFan Weight Status.

Fan Blades

Fan Disk

Booster Blade

Booster Disk

Spinner

Disk Seal

Retention and Anticlank System

Forward Fan Shaft

Hardware

Total

kg

232.7

137.4

15.9

42.2

8.6

2.7

7.7

34.5

14.5

496.2

ib

513

303

35

93

19

6

17

76

32

1094
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IV. FAN STATOR DESIGN

The mechanical design of the E 3 fan stator includes the design of the fan

frame, the stator vanes, and the casing/containment structure.

Two different fan frame configurations wii] be developed in the E3 Fan

Program. One configuration will be utilized for the Full-Scale Fan Component

Test (FSFT) and will remain in the fan module for the ICLS turbofan test. The

other configuration will represent the conceptual design proposed _or the Flight

Propulsion System (FPS). All frame configurations will incorporate an integral

vane frame design in which the outer bypass vanes provide both an aerodynamic

and structural function. The integral vane frame design will feature five dif-

ferent bypass vane configurations in the vane row to correct for circumferential

flow distortions that will be caused by the 12 o'clock engine pylon structure.

The frame configuration for the FSFT will mount at the bypass case directly to

the test facility hardware. Consequently, no engine mounts or hardware for

nacelle attachment will be required. Although no radial driveshaft is required

for the FSFT, provisions for the driveshaft will be incorporated to reduce the

disassembly and rework required to prepare the frame for the ICLS engine test.

For the turbofan engine test (ICLS), the fan frame will provide the for-

ward engine mount locations on the core frame, hardware for the nacelle inner

and outer cowl attachment, and a means to include a radial driveshaft to a fan

mounted gearbox. The radial driveshaft will be added in the plane of the by-

pass vanes by modifying the 6 o'clock vane and one vane to either side.

The fan frame design for the FPS is a study only with no hardware re-

quirements. The FPS frame configuration will feature an integral vane frame

aerodynamically the same in the bypass as the frame for the FSFT, but the

bypass vanes will be a composite design instead of the metal vanes used in

the FSFT and iCLS. Additionally, the FPS design will feature an advanced

composite containment design based on work being done under a NASA contract

to develop advanced composite containment concepts and work done by the U.S.

Army on lightweight armor.

The design of the core frame and bypass vane assembly is complete. The

core frame is a welded assembly of the eight finish machined struts to fin-

ished flowDath rings which are then final machined at the outer and inner

flanges and rabbets. The bypass vanes are individual pieces that bolt to the

core frame at their ID and bolt to an outer bypass casing at their OD. The
stator vanes and hardware for the Stator i and core OGV assemblies have been

designed as have been the midcase and fan containment case. The containment

case design is now a modification to a CF6-50 steel case in order to hold down

COSTS.

A. Fan Stator Confisurations

The fan stator configuration (midcase and containment case not shown)

that will be used for the FSFT and the !CLS engine test is shown in Figure 62.

The solid 17-4 PH steel bypass OGV's and core struts are nonflight-type
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designs but the Stator i and core OGV vane assemblies are representative of

flight type hardware. Lightweight 7075 AI will be used for the core OGV's

and 6061 AI for the inner and outer shrouds. In the Stator i assembly, the

flow splitter casing is aluminum with the vanes 403SS (proposed Ti 6-4 for

the FPS design) for cost reasons and the inner and outer fairings are steel

for FOD protection during the development tests.

The proposed FPS fan stator configuration is shown in Figure 63. This

design integrates the fan bypass outer flowpath, the nacelle outer flowpath,

and the bypass OGV's as a single structure. The main structure of the casing

is a sandwich structure (with graphite/epoxy facings) which forms the outer

flowpath of the nacelle. The inner fiowpath of the casing is formed by the

acoustic treatment and supporting structure. The bypass vanes are formed

by graphite/epoxy skins which are bonded to the radial spokes extending from

the inner and outer structural wheel rims. The metal core frame is envisioned

as a one-piece aluminum casting _ _th the core struts internally stiffened to

support the bypass vane/outer casing assembly and the bearing cone loads.

This approach is based on technology currently in place on the production TF34
frame. The E3 core frame will be about twice the diameter but of the same

order of casting complexity as the TF34 cast frame. The Stage i vanes are

shown as Ti 6-4 material for the FPS design as discussed in the ICLS fan

stator description.

A cross section of the core frame is shown in Figure 64 with the service

requirements for the eight-strut structure listed. The core struts at the

+45 ° location from top vertical will provide attachment points for the forward

engine mounts. Seal pressurization air will be provided by air scoops located

in the core struts as illustrated in Figure 65. A detail of the bottom core

strut is shown in Figure 66 with the direction of the radial driveshaft de-

picted. Figure 67 shows the proposed modification to the bottom vertical by-

pass vane and adjacent vanes to incorporate the radial driveshaft to the fan

mounted gearbox. A fairing is shown around the shaft to provide a smooth

transition to the bypass vane airfoil surfaces and to house the service lines.

One of the ICLS engine fire prevention and fire containment requirements

includes the cavity space between the core engine and the fan bypass duct.

The curren= plan to satisfy this requirement is through the method shown in

Figure 68. The fan frame will supply a flange to which the core cowl seal

support can be attached. As is shown, the core cowl door will provide three

scoops around the circumference to gather the purge air which will be directed

to the core cavitv through holes in the seal support.

B. Fan Frame Analysis

A great deal of analysis has been performed on the fan frame not only for

the FPS design but also for the FSFT and ICLS frame designs as well. The slave

frame designs for the FSFT/ICLS are studied to ensure compatibility with the

other engine components based on static deflection and engine dynamics criteria.

Frame fiexibiliny studies have been completed on the preliminary flight frame

(FPS) design and the slave frame (FSFT/ICLS) design. Engine mount position

7?
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and ovalization studies have also been completed on the FPSdesign to optimize

the effect of the forward engine mount on compressor clearances. Analyses are

currently in process on the slave frame to cover critical load conditions such

as blade-out and rotor seizure. The normal load design analysis has been com-

pleted on the FSFT/ICLS (slave) frame design with the bolted flange analysis

to be completed. The final design of the FPS frame is currently scheduled for

the late-1980 to mid-1981 time period. The FPS configuration will be optimized

relative to frame flexibilities, operating deflections, stresses, and weight.

The basic design requirements for the FSFT/ICLS fan stator module are

• Represent, where possible, the FPS structure

• Provide adequate stiffness to minimize deflections to satisfy engine

system dynamics

• Provide design flexibility for acoustic requirements.

Figure 69 illustrates the analytical computer model of the E3 frame. The

model incorporates the core frame and bypass vane structural elements as

well as the stator assemblies and the outer bypass case. This model was

used to determine frame stiffness values for engine system response calcu-

lations and to evaluate the frame deflections under various loading con-

ditions. Figures 70 and 71 illustrate the frame stiffness values for shear

and overturning moment loading that have been established from the prelimi-

nary FPS frame studies and the current FSFT/ICLS analysis and how these values

effect the engine system response. The stiffness comparison chart shows the

difference between the possible extremes for an FPS frame design utilizing

different materials. The FPS-SOFT _alues represent an all sluminum structure

whereas the FPS-STIFF values represent an all steel structure. The comparison

shows the solid steel ICLS frame design to be significantly stiffer than the

FPS frames, particularly in the bypass portion of the structure. Figure 71

shows the fan frequency response and the No. ! bearing load variation with a

given fan unbalance. The figure shows the critical frequency for each frame

design to be outside the maximum operating sDeed of the fan.

Figure 72 shows the temperature distribution through the fan for the

operating conditions applicable to the FSFT and the ICLS engine aero design

point. Axial deflections at critical locations on the frame assembly are

given in Figure 73 for loading and frame mounting conditions consistent with

the FSFT and ICLS engine test requirements. These deflections are used to

estabiish rotor/stator clearances.

C. Stator Vane Mechanical Design

A detail of the Stage i stator and core OGV assemblies is shown in

Figure 74. Porous Teflon will be utilized at the booster rotor rub tip sur-

face and the rotor seal rub surfaces due to its excellent material properties

and potentially lower cost. The Stator i vanes are individual vanes assembled

radially through loading slots into the 360 o inner shroud. This assemblv

bolts to the 360 ° cantilevered island casing supported at the bypass vane

leading edge. A 360 ° outer fairing which bolts radially into the island



,-.., ,. _._, QUALITY

Figure 69. Fan Frame _SS Analytical Model.
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casing attaches to the vane to provide additional support and form the [sLand
upper flowpath. The core OGV's are also individual vanes which assemble axia!Iv

through loading slots into the 300 ° inner shroud. This assembly bolts t_ the

core frame at the inner shroud with a 360 ° outer fairing bolting to the vane

outer platform and providing the core flow splitter upper flowpath.

Table VII provides a geometry summary for the fan stator vanes. Figures

75 and 76 show the nonlinear tm/c distributions for the Stator i vane and

core OGV designs which are representative of the proposed FPS designs. The

bypass vane distribution is not shown since the design for FSFT/ICLS is a

solid steel vane not representative of the hollow composite concept proposed

for the FPS design, Figure 77, 78, and 79 represent the finite element ana-

lytical models used in the steady state and vibratory analysis of the fan

stator vanes. Figures 80, 81, and 82 are the Campbell diagrams for the vanes.

The vane fr=quencies are shown relative to potential fan 'lade an_

booster blade excitations through the fan speed range. The ma_.imum physical

fan speed is shown for both the FPS baseline and proposed growth engine cycles.

The vane designs for the FSFT/ICLS tests are relative to the baseline fan

speed only with the growth engine cycle speed shown for reference. A differ-

ent vane geometry will be required for a growth engine cycle and will change

the vibratory characteristics of the vanes. Therefore, designing the FSFT/

ICLS vane geometries to the growth cycle would be an unrealistic requirement.

The diagram for the bypass vane shows the predicted two-stripe (2S) fre-

quency intersecting thL 32/rev excitation line near top speed. This is a

result of the slave solid vane design representing the desired aerodynamic

configuration. The hollow composite vane design proposed for the flight-type

design (FPS) will result in a higher two-stripe frequency that can be tuned

to avoid vibratory excitation sources. It is felt that the by>ass vanes are

sufficiently downstream from the fan blade excitation and have sufficient

structural section (solid steel) such that the two-stripe mode resonance

should not present any problems during the component (FSFT) or engine (ICLS)

testing.

The Stage I vane Campbell diagram shows ndequate margin at maximum

speed between the vibratory modes through two-stripe and the fan blade exci-

tation sources, including twice fan blade passing. The core OGV diagram shows

a similar distribution of vibratory modes as for Stator i with no resonances

at maximum speed through the two-stripe mo_e. The proximity of the fundamental

bending and torsion modes makes separating the modes and maintaining adequate

margin over fan blade 32/rev and 64/rev excitation frequencies difficult without

a major geometry change to the vane which could reduce the aerodynamic

performance.

The major excitation source for the core OGV should be the booster rotor

56/rev with the current vane design exhibiting only lower speed resonance.

_he fan blade once and twice blade passing per rev is marginally close to the

vane IT and 2T modes. But for the reasons mentioned, the vane will be fabri-

cated and bench tested to determine the exact frequency response before any

design modification is considered.
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Figure 79. Core OGV, SAP-4 Analytical Model.
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The vane airfoil designs have more than adequate incidence angle margin
with f!exural and torsional instability boundaries.

Table VIII illustrates the vane steady state stress. The table shows
the vane designs to be low steady state or meanstressed which improves the
vibratory fatlgue stress allowable. All the vane designs will be bench tested
to determine the actual vibratory strain distribution for each vane frequency
and then instrumented for safety monitoring during the componentand engine
tests. The instrumentation monitoring provides a meansof limiting the vane
vibratory stress based upon the material allowable to reduce the chance of
fatigue failure during testing.

The design of the fan frame and stator _ssemblies is complete except for
the analysis of the modified bypass vanes that are required for the ICLS con-
figuration. The detail drawings for all the vanes and struts have been issued
and fabrication has been initiated. The hardware for the Stage I and core OGV
stator assemblies (shrouds, fairings, etc.) is also on order.

Figures 83 and 84 show the fastener selection for the stator assemblies

and for the core frame and bypass vane assembly.

D. FSFT and ICLS Fan Casing/Containment Design

Due to fabrication costs, the FSFT and the ICLS engine test will utilize

a slave containment system design instead of the advanced composite contain-

ment design proposed for the FPS configuration. The containment system as

well as the boilerplate aluminum midcase will provide for both hardwall and

acoustic panels required for performance and acoustic testing. The proposed

design of the fan frame for the FPS features an integrated nacelle/fan bypass

structure which supports the inlet and eliminates inlet loads being carried

through the containment structure to the frame. Figure 85 illustrates the

advanced composite containment system based on work done under NASA contracts

for "Containment of Composite Blades" and "Development of Advanced Lightweight

Containment Systems." The design features a structural inner steel shell

which should provide a good bearing surface for the fan blades during large

rotor excursions during unbalance, etc. and should stop small fragments

without major damage. The actual containment system utilizes a honeycomb

nesting area backed b_ the dry Kevlar cloth with a composite cover. The

honeycomb nesti_,g aiso provides stiffness to the structure to prevent fan

rotor/casing interaction. Figure 86 shows the interaction frequency curve

for the FPS design relative to a CF6-50 engine test. The figure shows the

intersection of the fan casing traveling waves and the fan rotor traveling

waves beyond both the FPS baseline and growth fan speeds which should ensure

safe operation during testing. Figure 87 shows the containment angles proposed

for the FPS design based upon CF6 commercial engine containment experience.

The calculation for the E3 of the blade kinetic energy that has to be

contained results in the thickness of the dry Kevlar cloth required. This

relationship of kinetic energy to Kevlar thickness is based on data derived

from the whirligig testing of the NASA containment programs previously mentioned.
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Table VIII. Vibratory Stress Limits for ICLS Fan FrameVanes.

Material

MaximumDesign
Steady State
Stress, MN/m2(ksi)

Design Margin

AlternaTing Stress

For 107 Cycles, percent

Temperature of Msximum

Allowable Stress, o C (o F)

Bypass
Vanes

17-4 PH

20.7 (3)

200

121 _250)

Stage i

403 SS

203 (29.4)

30

121 (250)

Core OGV

7075 - T73 A1

22.1 (3.2)

150

93 (20O)

-. wl
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Figure 87. FPS Containment Angles.
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A preliminary calculation of the FPScontainment case flange loads based on a
fan blade-out condition shows the flange stress undec an ultimate load con-
dition to be within the material capabilities of the 304L steel casing.

As previously mentioned, a slave containment system design will be uti-
lized for the FSFTand the ICLS engine test. Figure 8_ shows the low cost
modification of a CF6-50 production steel case proposed as the containment
system. An aluminum shell will be bolted on the forward end for support of
the hardwall and acoustic panels forward of the fan and a steel shell will be
welded to the aft end of the CF6-50 case for attachment to the midcase. Shown
in phantomare stiffener rings that can be attached to the production case to
provide sufficient interaction frequency margin as explained earlier.
Figure 86 shows the casing interaction frequencies from a bench test of a
CF6-50 case and illustrates that the margin above the E3 fan operating range
should be adequate.

Figure 89 shows the assembly of the outer midcase and containment case
for the ICLS configuration to the fan frame slave outer casing,

E. FPS Fan Frame Weight Status

The E3 FPS fan frame weight status is summarized below. This weight

status will be updated as the FPS frame detailed study, scheduled to initiate

in late 1980, progresses.

• Bypass vane-frame

• Core frame

• Core stators/assembly

• Containment

kg ib._s

257 566

129 284

79 175

196 432

661 1457
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Symbol

AR

C

DFACT or

D-Factor

d

i or INC

IGV

ID

M

N

N B

N V

OD

OGV

P

P/P

PT

PSI (_)

R or r

rpm

RI, R2

or RBAR

SA

Sl, S21N

SL

LIST OF SYMBOLS AND NOMENCLATURE

Aspect Ratio

Description

Blade height at stacking axis

Chord at 50% ht.

Blade Chord

Diffusion Factor:

= I- (V' /V _ ) + (r2V@2 -
Drotor 2 I

Dstator = 1 - (V2/V 1) + (r 1VO1 -

Diameter

Incidence Angle

Inlet Guide Vane

Inner Diameter

Mach Number

Engine Speed

Number of Blades

Number of Vanes

Outer Diameter

Outlet Guide Vane

Static Pressure

rI V_ )/(2 r o V'I)
i

r 2 V@ )/(2 r o V I)
2

Total Pressure Ratio

Total Pressure

Percent Flow Stream Function

Radius

Revolutions per Minute

Rotor i, Rotor 2, respectively

Mean Radius

Stacking Axis

Stator i, Stator 2, Respectively

Streamline

Units

cm (in.)

m (ft)

degrees

rpm

Kilo-Pascals

(psia)

Kilo-Pascals

(psia)

cm (in.)

cm (in.)

PRECEDING PAGE BLANK NOT FILMED

113



ORIGINAL. PAGE IS

OF POOR QUALITY

S___bol

Stall Margin

(%)

T

TMC or tmlc

t

U

V

W

WB

Z

B

Y

5

5° (DEV)

9

o

_ (psi)

(phi)

q (eta)

or WB

LIST OF SYMBOLS AND NOMENCLATURE (Continued_

Description

• W /stall \ W /operating line
i00(PiP 

W
t /operating line

Temperature

Maximum Thickness-to-Chord Ratio

Thickness (Blade)

Rotor Speed

Velocity

Airflow

Total Pressure Loss Coefficient

Axial Distance

Flow Angle

Metal Angle

Specific Heat Ratio

Pressure Correction (PT/1.O133 x 105 N/m 2)

Deviation Angle

Temperature Correction (TTI/288.15 K)

Solidity

Percent Flow Streamfunction

Slope of Meridional Streamline

Efficiency

Total Pressure Loss Coefficient:

Units

K(°R)

cm (in.)

mlsec (ftlsec)

m/sec (ft/sec)

kg/sec (Ibm/sec)

cm

degrees

degrees

degrees

degrees

Rotor _ =

pi _ pv

T2id T2

p' -p

T 1 i

Stator ,_ =
PTi - PT2

PT I - PI
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Subscripts

ad ia

poly

i or LE

2 or TE

Sta

m or _ax

r

T

TH

Z

@ (Theta)

O0

0

LIST OF SYMBOLS P_ND NOMENCLATURE

Adiabatic

Polytropic

Laading Edge

Trailing Edge

Blade Row Station

Maximum

Radial Direction

Total Condition

Throat

Axial Direction

Tangential Direction

Free Stream

Total or Stagnation Conditions

(Concluded)

Superscripts

' Relative to Rotor

° Degrees
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APPENDICES

A. Fan and Quarter-S_age Aerodynamic Design Point Circumferential-Average
Flow Solution.

B. Fan Rotor Blade Plane Section Geometry.

C. Stator 1 Plane Section Geometry.

D. Quarter-Stage Rotor Plane Section Geometry.

E. Inner OGV Plane Section Geometry.

F. Bypass OGV Plane Section Geometry.
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PCT Edge I_

Axial Loc-Z

Radius

Merid Angle

Stream Funct

Merid Angle

Abs Angle

Rel Angle

Total Press

Total Temp

Merid Vel

Abs Vel

Rel Vel

Tang Vel

Blade Speed

Abs Mach No.

Rel Mach No.

Blade Blkg

RCU

Efficie_ v Adia

Efficiency Poly

RBAR

INC

XFACT

DEV (C-R)

TUP_N

Loss Coeff

CA_I

STGR

SOL

TMC

NOMENCLATURE FOR APPENDIX A

Percent Immersion from OD

Axial Location (Z) of Leading and Trailing Edge

Station - cm (in.)

Inlet and Exit Radii, cm (in.)

Inlet and Exit Slope, degrees

Inlet and Exit Streamline Percent Flow from OD

Inle_ and Exit Meridional Angle of Streamline, degrees

Inle_ and Exit Absolute Air Angle, degrees

Inlet and Exit Relative Air Angle, degrees

Inlet and Exit Total Pressure, Kilo-Pascals (psia)

Inlet and Exit Total Temperature, Degrees Kelvin (o R)

Inlet and Exit Meridional Velocity, m/sec (ft/sec)

Inlet and Exit Absolute Velocity, m/sec (ft/sec)

Inlet and Exit Relative Velocity, m/sec (ft/sec)

Inlet and Exit Tangential Velocity, m/sec (ft/sec)

Inlet and Exit Blade Speed, m/sec (ft/sec)

Inlet and Exit Absolute Mach Number

Inlet and Exit Relative Mach Number

Inlet and Exit Station Blockage

Inlet and Exit Radius x Tang Vel, cm-m/sec (in.-ft/sec)

Accumulative Adiabatic Efficiency

Accumulative Polytropic Efficiency

Average Radius, cm (in.)

Incidence Angle, degrees

Empirical Adjustment Factor to Carter's Rule Deviation,

degrees

Carter's Rule Deviation Angle, degrees

Turning Angle, degrees

Total-Pressure Loss Coefficient

Camber Angle, degrees

Stagger Angle, degrees

Solidity

Maximum Thickness-to-Chord Ratio
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D-FACT

Chord

Axial VEL-R

ACC PT Ratio

ACC TT Ratio

Inlet Corr

WtFlow

Press Rati

Temp Ratio

ADIA EFF

Inlet Corr RPM

NB

NOMENCLATURE FOR APPENDIX A (Concluded)

Diffusion Factor

Airfoil Chord Length, cm (in.)

Exit/Inlet Axial _elocity Ratio

Accumulative Total Pressure Ratio

Accumulative Total Temperature Ratio

Fan Inlet Corrected Weight Flow, kg/sec (Ibm/sec)

Accumulative Average Total Pressure Ratio

Accumulative Average Total Temperature Ratio

Accumulative Average Adiabatic Efficiency

Fan Inlet Corrected Revolutions Per Minute

Number of Blades
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Appendix F: Bypass OGV Plane Section Geometry.
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Vane " i 60.96
I

66. O_

68.58
76.20
86.36

I 93.98
) -
J

vane lI J _0.96

j 66.0_

l 68.50

I 76.20
I 86.36
i 93.98

104.14

Uane Ill ' 60.96

: ne_inal I: 66.00

! 68.58
?_.20

i s3.36

i 93.98
i 104. I_
i

Vane IV 60.96
I o6.o4

i 68.58
I 70.20

83.36

93.98
d

! 104.14

Vane '," 60.96

66.04

68.58
76.20

83.36
' 93.98

I i04.14
I

Section Radius
in.

{

24

i:6
27
30

', 37
I

2_
26
27

34
37

24
26
27
3O

3.
37

I

2.
26
27

3O
3:,
37

I 24
26
27
30
34
37

Chord
el

31.255
31.103
31.440
29.804
27.722
26.581
27.7]4

31.262
31.110
31./_0
29.804
27.722
26.581
27.734

31.278
31.079
31.440
29.804
27.722
26,581

27.734

31.295

31.140
31.440

12.305
12.245
12.378

11.734
10.914
10.465

10.919

12.308
12.248
12.378
11.73/-,
10.91_
10.465

10.919

12.314
12.236

12.378
11.734
10.916

10.465
10.919

12.321
12.260
12.378

Stagger

deg

14.52
13.39
15.39

13.87
12.27
11.90
14.78

14.57
13.46
15.39
13.87

12.27
11.90
L4.78

14.67

13.55
15.42
13.86
12.36

12.18
14.71

14.80
13.68
15.44

16.20
14.56
24.96
24.25
25.53
28.47
38.73

22.40
20.78
30.57

30.22
32.27
_.48

42.14

29.20
27.52
36.92
37.39
39.02

41.97
46.5a

35.83
34.06
42.98

Tm/c

0.0561
0.0574
0.0572
0.0619
0.0686

0.0734
0.0725

0.0561
0.0574

0.0572
0.0619

O. 0686
0.0736
0.0725

0.0562
0.0575
0.0572
0.0619
0.0686

0.0734
0.0725

0.0562

I 0.05740.0572

8LE
deg

25.92

25.40
35.32
35.83

36.49
37.26
41.71

25.91
25.41
35.42
35.88
36.46
37.16
41.43

25.86
25.42
35.64

35.98
: 36.42
36.98

41.18

29.804
27,722

26,581
27.734

31.300
31.145
31.440

29.80a
27.722
26.581
27.734

11.734

I 10.91_
10,465
10.919

j 12,32312.262

12.378
11,734
10,914
10.465
10.919

13.89
12.28
11.91
14.78

14.83
13.73

15.46
13.90
12.29
11.91
14.78

44.06
45.80
47.55

50.83

I 41.9039.85
48.37

I 50.19

51.91

52.62
54.82

25.85
25.43

35.71

I 0.0619 36.03
, 0.0686 36.37

0.0734 36.87
0.0725 41.06

0.0561 25.89
0.0574 25.39
0.0572 35.84
0.0619 36._9
O. 0686 36.31
0.0734 36,68
0.0725 40.88

No. of Vanes " 34

Vane Type Vane No. Circumferential Locatio_ (deg)

I 2-6 10.6 - 52.9

II 7-12 63.5 - 116.5

Ill 1, 13-23 O, _27.1 - 232.9

IV 24-29 243.5 - 296.5

V 30-34 307.1 - 349.4

8TE

deg

9.72
10.83
10.37

11,57
10.96

8.78

} 2.98

3.51
4.63
4.85

5.66
4.19

1 0.68

j -0.71
I
I -3.34

i -2. i0
-1.28

; -I .41
i -2.00
-4.99
-5.36

-9.98
-8.63
-7.27
-8.03

! -9.43
-1o.68

-9.77

-16.00
-14.46
-12.53

-14.10
-15.60
-15.94
-13.94




